The prefrontal cortex regulates the expression of fear based on previously learned information. Recently, this brain area has emerged as being crucial in the initial formation of fear memories, providing new avenues to study the neurobiology underlying aberrant learning in anxiety disorders. Here we review the circumstances under which the prefrontal cortex is recruited in the formation of memory, highlighting relevant work in laboratory animals and human subjects. We propose that the prefrontal cortex facilitates fear memory through the integration of sensory and emotional signals and through the coordination of memory storage in an amygdala-based network.
The prefrontal cortex regulates the expression of fear based on previously learned information. Recently, this brain area has emerged as being crucial in the initial formation of fear memories, providing new avenues to study the neurobiology underlying aberrant learning in anxiety disorders. Here we review the circumstances under which the prefrontal cortex is recruited in the formation of memory, highlighting relevant work in laboratory animals and human subjects. We propose that the prefrontal cortex facilitates fear memory through the integration of sensory and emotional signals and through the coordination of memory storage in an amygdala-based network.
An expanded role for the prefrontal cortex in fear memory Adaptive responding to threat is crucial for survival. Learning to avoid cues that predict danger and approach cues that predict safety depends on highly conserved neural circuitry. Anxiety disorders manifest when threat assessment becomes maladaptive, leading to exaggerated physiological and behavioral reactions to perceived or anticipated threats or inappropriate fear in non-threatening situations. Because approximately 18% of the US population may suffer from an anxiety disorder [1] , understanding the neurobiology of fear and anxiety is an important goal. At its core, threat assessment requires the accurate prediction of an aversive outcome from available environmental signals. For this reason, fear conditioning has proved to be a powerful tool for investigating the neurobiology supporting emotional learning and fear expression in both human and non-human subjects. Fear conditioning studies have described critical roles for the amygdala, hippocampus, and cerebral cortex in the regulation of fear memory and behavioral expression. Standard fear conditioning requires subjects to associate a neutral conditional stimulus (CS), such as a tone, with an aversive unconditional stimulus (UCS), such as a shock. After repeated CS-UCS pairings, the CS elicits conditional fear responses in the subject, including changes in autonomic activity, analgesia, and freezing behavior. The power of this procedure comes from its simplicity, rapid acquisition, translational application, and sensitivity to cellular/molecular-, genetic-, and systems-level manipulations. Early work characterizing the circuitry for fear conditioning identified the amygdala as a critical site for memory formation and CS-UCS convergence during learning [2, 3] . Over the past 25 years, the use of fear conditioning has greatly advanced our understanding of memory formation, consolidation, and stability with a primary focus on the amygdala [2, 4] . Likewise, more-complex variants of the procedure, such as contextual fear conditioning and trace fear conditioning, have been used to study hippocampal and cortical contributions to emotional memory. The prefrontal cortex (PFC) has attracted substantial interest in recent years for its ability to bidirectionally modulate the expression of previously learned fear [5, 6] . The ventral PFC in the rat seems to be necessary for controlling fear to a CS that no longer predicts danger, as in extinction learning [7, 8] . By contrast, the dorsal PFC was found to promote the expression of learned fear. Similar complementary patterns of activation have been observed in human dorsal and ventral PFC subregions, suggesting possible top-down regulation of amygdala circuitry in adaptive responding to threat [9] .
In addition to regulating the behavioral expression of existing fear memories, it is becoming clear that prefrontal neurons are engaged in various aspects of fear memory formation. An appreciation of how the PFC might regulate the initial formation of aversive memories is crucial to determining how dysfunction in cortical-subcortical circuits leads to maladaptive threat assessment in anxiety disorders. Here we review the circumstances under which the PFC seems to be necessary for fear memory based on evidence from work in laboratory animals and humans. We discuss the functional and anatomical heterogeneity of the PFC as it relates to fear-memory regulation and point to avenues of future study that ultimately will improve our understanding of emotional memory formation.
Prefrontal cortical recruitment in fear memory
Fear expression versus fear learning The PFC was initially implicated in emotional regulation on the basis of reports of emotional and behavioral dysregulation after prefrontal damage [10] . This prompted a closer examination of the role of this structure in emotional learning using a standard fear-conditioning paradigm, also known as 'delay' fear conditioning (DFC), in which the UCS is delivered at the end of a discrete stimulus, such as a light or tone. However, early lesion studies found that the PFC was not required for learning the basic CS-UCS association, but instead might participate in the extinction of cued fear [8] . This general pattern has been observed repeatedly
